The establishment of well-defined synaptic connections between specific neurons is critical for information processing in the brain. Synapses are often arranged into structures that reflect a functional organization of synaptic contacts 1,2 . In the visual system, for instance, nearby photoreceptors connect to nearby columns in the target region, preserving the spatial relationships between the visual world and its representation in the brain 1, 3 . In addition to this retinotopic organization, different features of a visual stimulus are often decoded into separate synaptic layers 2,3 . These characteristic columnar and layered structures are often seen in complex nervous systems. How do axons select their specific synaptic layer during development? The mechanisms underlying the formation of synaptic layers are still unclear, although important molecular players have been identified 2-4 . In the vertebrate visual system, several homophilic adhesion molecules, such as Sidekicks and Dscams, mediate for layer-specific targeting of photoreceptors by using their binding specificity 3, 5, 6 .
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The establishment of well-defined synaptic connections between specific neurons is critical for information processing in the brain. Synapses are often arranged into structures that reflect a functional organization of synaptic contacts 1, 2 . In the visual system, for instance, nearby photoreceptors connect to nearby columns in the target region, preserving the spatial relationships between the visual world and its representation in the brain 1, 3 . In addition to this retinotopic organization, different features of a visual stimulus are often decoded into separate synaptic layers 2, 3 . These characteristic columnar and layered structures are often seen in complex nervous systems. How do axons select their specific synaptic layer during development? The mechanisms underlying the formation of synaptic layers are still unclear, although important molecular players have been identified [2] [3] [4] . In the vertebrate visual system, several homophilic adhesion molecules, such as Sidekicks and Dscams, mediate for layer-specific targeting of photoreceptors by using their binding specificity 3, 5, 6 .
Synaptic connections in the Drosophila visual system are also organized in layers and synaptic specificity has been well investigated in this system. The Drosophila compound eye is made of about 800 units called ommatidia, each containing eight photoreceptors (R1-R8). R1-R6 photoreceptor axons mediate motion detection and project to the first optic ganglion, the lamina. The photoreceptors responsible for color vision, R7 and R8, innervate the second optic ganglion, the medulla 7, 8 . Each pair of R7 and R8 photoreceptor axons that mediates information from the same point in space forms a columnar structure in the medulla. Notably, R7 and R8 photoreceptors, which respond to different wavelengths, connect to separate medulla layers (M6 and M3, respectively). Thus, distinct functional modularities become processed in distinct synaptic layers. The Drosophila visual system is thus an attractive model for studying synaptic-layer selection 3, [7] [8] [9] .
In Drosophila, several transmembrane molecules have been shown to regulate synaptic-layer targeting of photoreceptors. Examples include N-cadherin 10, 11 , two receptor tyrosine phosphatases, LAR [11] [12] [13] and PTP69D 11, 14, 15 , a cell adhesion molecule Capricious (Caps) 16, 17 , and the putative receptor Gogo 11, 18 . Although the requirement of each of these proteins has been reported, it is not fully understood how synaptic-layer specificity is achieved by this set of proteins.
In addition, the seven-pass transmembrane cadherin Fmi (also known as Starry night, Stan) has an important function in axon pathfinding of photoreceptors and has been potentially implicated in layer-specific targeting 11, 19, 20 . Fmi also regulates dendrite formation and planar cell polarity (PCP) 21, 22 . In photoreceptor axon guidance, the primary role of fmi (also known as stan) is to regulate afferentafferent interactions in larva and lamina cartridge formation 19, 20, 23 . Fmi mediates homophilic binding in vitro 21 , but the molecular mechanism of fmi in axon pathfinding remains unclear.
We found that Fmi has a specific role in synaptic-layer targeting independent of afferent-afferent interaction. We further asked how the targeting specificity of R8 photoreceptor axons is achieved by Fmi. The broad expression of Fmi in all photoreceptor axons and in multiple target layers suggests that Fmi does not achieve R8 photoreceptor targeting specificity alone. The phenotypic similarities between gogo and fmi suggest that Gogo might be a functional associate of Fmi that adds the specificity code required for R8 photoreceptor synaptic-layer targeting.
Although we could not demonstrate a direct physical interaction, we found that Gogo and Fmi can mutually affect their localizations and that they functionally interacted in R8 photoreceptors. We found that
RESULTS

Fmi regulates synaptic-layer targeting
To determine whether Fmi is involved in synaptic-layer targeting of R8 photoreceptor axons independent of the axon-axon bundling defect seen in larvae 19, 20 , we generated single fmi mutant R8 photoreceptor axons to minimize axon bundling. Single fmi −/− R8 photoreceptor axons showed targeting defects and abnormally stopped at the M1 layer in the adult medulla (Fig. 1a-d) .
To assess the requirement of fmi in pupae when R8 photoreceptor layer-targeting occurs, we removed fmi during pupal stages. To achieve this, we used the temperature-sensitive repressor Gal80[ts] system 24 to control fmi transgene expression. The initial fmi expression driven at 27 °C was sufficient to rescue the photoreceptor axon bundling phenotype of the fmi mutant in the larval stage (Supplementary Fig. 1 ). Late third instar larvae were then cooled to 18 °C to shut down fmi expression. In the adult, we observed severe R8 photoreceptor targeting defects, albeit the bundling phenotype and the overall structure of the medulla was rescued (Fig. 1e-g ). Together, these results indicate that fmi has a role in synaptic-layer targeting that is independent of its earlier function in axon-axon interactions.
Fmi cytoplasmic domain is dispensable for R8 axon targeting
To determine whether Fmi can transmit the guidance signal inside the growth cone, we tested whether the cytoplasmic domain of Fmi is required for R8 photoreceptor axon pathfinding. To do so, we
Larva Pupa Fig. 2 , see Online Methods). Using this method, we knocked out fmi specifically in the eye with eyFLP and we were able to rescue the fmi mutant phenotype with an Fmi protein that lacked its intracellular domain (Fmi∆Intra transgene) ( Fig. 1h-k) .
As the cytoplasmic domain of Fmi is dispensable, Fmi may have other interactors that convey the guidance signal intracellularly. We tested whether core PCP complex proteins 25 , which are known to interact with Fmi, have any role in R8 photoreceptor axon targeting. Mutant R8 photoreceptor axons for frizzled (fz), van gogh (vang, also known as strabismus), dishevelled (dsh) and prickle (pk) showed completely normal targeting, suggesting that PCP proteins are not involved in R8 photoreceptor axon targeting ( Supplementary Fig. 3a-d ).
gogo and fmi have similar neuronal phenotypes Previous studies reported that gogo mutants show R8 photoreceptor pathfinding and targeting defects 18 that are similar to those seen in fmi mutants. To determine whether these phenotypes in adults result from the same defects during development, we compared gogo and fmi mutants at different pupal stages. R8 photoreceptor axons target their synaptic layer in a two-step manner 26 , first halting at the temporary layer M1 until 50 h after puparium formation (APF) and then extending filopodia to their final target layer M3. Similar to the gogo mutants, the majority of R8 photoreceptor axons failed to send filopodia toward the M3 target layer at this stage in fmi mutants 18 ( Supplementary  Fig. 4 ). In addition, gogo mutants had defects similar to those of fmi mutants 19, 23 in R1-R6 photoreceptor synaptic target selection in lamina cartridges. These defects in gogo mutants were not secondary to the R8 photoreceptor axon pathfinding phenotype, as R1-R6 photoreceptor target selection was still abnormal when R8 photoreceptors were specifically rescued in gogo mutants (Fig. 2a-e) . Moreover, we found that gogo mutants showed similar defects to fmi mutants in dendrite formation of embryonic multiple dendrite neurons 22, 27 . a r t I C l e S Dendrites overgrew and 8.3% of the segments showed dorsal midline crossing ( Fig. 2f-h ). However, the functions of these two proteins do not perfectly overlap, as the gogo mutant did not exhibit a PCP phenotype 18 ( Supplementary Fig. 3e-g ). The similarities between gogo and fmi neuronal phenotypes suggest that gogo and fmi may act in the same pathway during neuronal development. In addition, Gogo and Fmi showed marked similarities in their expression patterns ( Fig. 2i-u) . Particularly in photoreceptor axons in the third instar larval optic lobe, Gogo and Fmi staining essentially overlapped ( Fig. 2i-q) . Similar to Fmi 19 , Gogo strongly localized to the youngest axons, which innervate the outmost part of the crescent shape of the optic lobe ( Supplementary Fig. 5 ). Notably, Fmi was also strongly expressed in the target region, whereas Gogo was mainly detectable in photoreceptor axons in third instar larvae and throughout the first half of pupal stages ( Fig. 2r-u) . Altogether, despite some small differences, the similarities in the neuronal phenotype and the overlapping expression patterns suggest that Fmi interacts with Gogo in the development of the nervous system. gogo and fmi interact genetically in neuronal development As a first indication of gogo and fmi genetic interaction, we examined the effect of the mutations on lethality. The fmi hypomorphic mutation (fmi[E86]/fmi[E59]) reduced the survival rate to 16.2%. Removing one copy of gogo in this background resulted in a further reduction of the survival rate to around 5% (Fig. 3a) , suggesting that these two genes cooperate.
To further assess the genetic interaction between gogo and fmi, we overexpressed both proteins under the control of the photoreceptorspecific driver GMR-Gal4. We used a moderate gogo overexpression line, UAS-gogoT1 (ref. 18) . When Gogo or Fmi were overexpressed separately, R7 photoreceptor axons targeted the proper layer M6 ( Fig. 3b-d) . When the proteins were overexpressed together, however, almost half of R7 photoreceptor axons stopped at the M3 layer, where R8 photoreceptor axons normally terminate (Fig. 3b,e) . This effect was not observed when Frizzled, an interactor of Fmi 28 , was overexpressed with Fmi, suggesting that the synergistic effect between Gogo and Fmi is specific (Supplementary Fig. 6 ). To test whether this redirecting phenotype still occurs with R7 photoreceptor-specific expression, we overexpressed Gogo and Fmi in R7 photoreceptor axons, but not in 
a r t I C l e S R8 photoreceptor axons, using the GMR-FLP technique (Online Methods). Although the penetrance was reduced (possibly as a result of the perdurance of the Gal80 repressor protein), we still observed R7 photoreceptor axon mistargeting to M3 (Fig. 3b,f) . This suggests that Gogo and Fmi act together to recognize and adhere to the M3 target layer. We further tested the genetic interaction in the loss-of-function situation (Fig. 3g-i) .
To exclude the contribution of Fmi from the brain, we used the FLICK system to generate a fmi hypomorphic mutant only in photoreceptor axons, with the rest of the animal remaining wild type (fmi[E86]/+; see Online Methods). In these flies, R8 photoreceptor axons only occasionally innervated neighboring medulla columns and made abnormal contacts with other R8 photoreceptor axons (Fig. 3g,i) . The incidence of the R8 photoreceptor axon defects increased substantially when one copy of gogo was removed in the fmi[E86] hypomorphic background (Fig. 3h,i) . This suggests that gogo and fmi genetically interact in R8 photoreceptor neurons in the loss-of-function situation.
If fmi and gogo act in the same genetic pathway, we should not see an additive effect in the double mutant. R8 photoreceptor axons failed to target the M3 layer in the fmi and gogo double knockout (generated by the eyFLP-FLICK system); instead, R8 photoreceptor axons stayed at the M1 layer, similar to what was observed in the fmi mutant (Fig. 3j-l and Online Methods). There was a slight difference in the way R8 photoreceptor axons interact with the M1 temporary layer ( Supplementary Fig. 7) ; however, the phenotypes of R8 photoreceptor axons failing to extend their filopodia to the M3 layer at 55 h APF were very similar among gogo and fmi single and double mutants (Supplementary Fig. 4) . Altogether, these results suggest that gogo and fmi function in the same pathway when R8 photoreceptor axons target the M3 layer and that their collaboration confers specificity to the synaptic-layer selection of R8 photoreceptor axons.
We also observed a robust genetic interaction in dendrite formation. The dorsal-midline crossing phenotype in the fmi hypomorph mutant (15.3% per segment) was substantially enhanced by removing one copy of gogo (29.6%) (Fig. 3m-p) . This indicates that gogo and fmi collaborate not only in axons, but also more generally in neuronal processes including dendrites.
Gogo and Fmi colocalize at cell-cell contacts in S2 cells S2 cells transfected with Fmi form aggregates as a result of Fmi homophilic interactions and Fmi often accumulates at sites of cell-cell contacts (Fig. 4) . The transmembrane PCP proteins Vang and Frizzled have been shown to colocalize with Fmi at the boundaries between adjacent cells 29 . When Gogo and Fmi were co-transfected, Gogo was enriched at sites of cell contacts together with Fmi (Fig. 4a-c,p) . This effect was specific to Gogo and Fmi, as Gogo did not accumulate with the cadherin E-cadherin (E-cad; Fig. 4d-f,p) and Unc5 (ref. 30) , another transmembrane receptor that structurally resembles Gogo, did not accumulate with Fmi ( Fig. 4g-i,p) . We found that Gogo and Fmi colocalized even when lacking their cytoplasmic portions, indicating that colocalization is mediated by their transmembrane or extracellular domains (Fig. 4j-l,p) . A chimeric protein consisting of the extracellular domain of Gogo and the transmembrane and cytoplasmic domains of Unc5 (Gogo Ecto ::Unc5 TM+Cyto ) colocalized with Fmi at cell-cell contacts (Fig. 4m-p) , suggesting that the ectodomain of Gogo mediates colocalization with Fmi.
To investigate whether Gogo and Fmi mediate heterotypic interaction in trans, we performed an aggregation assay by mixing Gogoexpressing cells with Fmi-expressing cells. Cells transfected with Gogo were not more included in the aggregates generated by Fmi than the control cells transfected with mCD8 ( Supplementary Fig. 8a,b) , which suggests that Gogo and Fmi interact in cis. 
Cell-cell contact accumulation ratio 
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Gogo and Fmi interact in cis in vivo
To assess the interaction of Gogo and Fmi in vivo, we used the wing epithelial cells, which have well-organized cell borders where Fmi accumulation is easily visible. At mid-pupal stage (28 APF), Fmi is normally localized apically at adherens junctions on the proximal and distal borders. When we ectopically overexpressed Gogo, Fmi localization was disrupted at the apical pole of the cells and Fmi was relocated to the entire surface of lateral membranes ( Fig. 5a-d ) without disrupting adherens junction components ( Supplementary  Fig. 9 ). This suggests that Gogo binds and recruits Fmi to the basolateral membrane (Fig. 5e) . We then tested whether Gogo could relocalize Fmi in trans or in cis by generating fmi mutant clones. Fmi was not relocalized to the basolateral membrane of the abutting cells when fmi was absent from the gogo-overexpressing cells (Fig. 5f-i) , suggesting that Gogo does not interact with Fmi in trans (Fig. 5j) . On the contrary, Fmi in gogooverexpressing cells was still relocalized on lateral cell membranes abutting fmi mutant cells (Fig. 5k-n) , indicating that Gogo relocates Fmi in cis (Fig. 5o) . These data support our hypothesis of the physical interaction between Gogo and Fmi (direct or indirect) and indicate that they interact in cis.
Gogo accumulation at the growth cone is dependent on Fmi
We next tested whether Gogo and Fmi localizations are reciprocally dependent on each other in growing photoreceptor axons. We found that, in fmi mutant photoreceptor axon growth cones, Gogo accumulation was reduced compared with the surrounding wild-type axons (Fig. 5p-s) . This strongly indicates that Gogo and Fmi interact endogenously in photoreceptor axon growth cones and that it stabilizes Gogo accumulation. It is noteworthy that Gogo localization at the growth cone is not completely dependent on Fmi, as we could detect Gogo accumulation at fmi −/− photoreceptor growth cones at 24 APF (Supplementary Fig. 10a-d) . 
a r t I C l e S
We did not, however, observe a mutual dependency of Gogo or Fmi localization at the cell body and along the axonal shaft of photoreceptors, and Fmi accumulation in gogo mutant photoreceptor axon tips was normal (Supplementary Fig. 10e-m) . Thus, it seems that the trafficking and the transport of Gogo and Fmi to the axons occur mostly independent of each other and that they only interact at the tip of axons after transport.
Gogo cytoplasmic domain is crucial for the M3 layer targeting
As Fmi∆Intra could rescue the R8 photoreceptor axon targeting defects, it is possible that the interacting partners of Fmi convey the signal received by Fmi ectodomain to the intracellular space. Because Gogo interacts with Fmi in axon pathfinding and Gogo∆C cannot rescue the gogo mutant phenotype in photoreceptor axon targeting 18 , we anticipated that Gogo may transduce guidance information inside the growth cone.
To test this, we assessed the ability of truncated Gogo and Fmi proteins to generate the R7 photoreceptor stopping phenotype seen when full-length proteins are both overexpressed (see Fig. 3e ). When we overexpressed both Fmi∆Intra and Gogo∆C, R7 photoreceptor axons extended normally to the M6 layer, suggesting that Gogo and Fmi interact with intracellular components (0.0% at 25 °C; Fig. 6a and Supplementary Fig. 11 ). Overexpression of full-length Fmi and Gogo∆C resulted only in a subtle R7 photoreceptor axon premature stopping phenotype (7.2% at 25 °C; Fig. 6b) , whereas Fmi∆Intra and full-length Gogo overexpression induced a much stronger phenotype (41.0% in 25 °C; Fig. 6c,d) . The expression level of each of these transgenes was comparable (Supplementary Fig. 11c-f) . We conclude that Gogo and Fmi transmit the M3 layer targeting information to downstream components primarily through the cytoplasmic domain of Gogo. This indicates that Gogo has a role in intracellular transduction of the axon guidance signal when it collaborates with Fmi.
Fmi is required in the target area for R8 axon targeting Fmi functions through homophilic interactions both in vivo and in vitro. We wondered whether Gogo and Fmi in R8 photoreceptor axons bind to Fmi on the target cells to achieve the proper innervation of R8 photoreceptor axons. It was shown using the ELF (ey3.5-Gal80, lama-Gal4 and UAS-FLP) system that Fmi seems to be required in the target area, but the outcome was somewhat modest (5.6% bundling, 0.4% stopping) 31 .
We used fly lines expressing Gal4-driven FLPase in lamina and/or medulla neurons and FLICK to knock out fmi in the target area. Among them, gcm-Gal4 FLICK flies showed robust R8 photoreceptor axon targeting defects (Fig. 7a-c and Supplementary Table 1) . As monitored by Act<stop<nLacZ (ref. 32) , FLP-out occurred in a subset of brain cells including almost all lamina neurons, but not in photoreceptor cells (Fig. 7b) . In gcm-Gal4 fmi FLICK flies, Fmi expression was indeed strongly reduced in the medulla at early and mid-pupal stages (Fig. 7d-w) . The morphology of the medulla neuropiles seems to be normal (Fig. 7h,m,r,w,x and Supplementary Fig. 12 ). The requirement of Fmi in the brain strongly suggests that Gogo and Fmi on R8 photoreceptor axons interact with Fmi in target cells in trans (Supplementary Fig. 13a ).
Fmi antagonizes Gogo adhesion to the M1 temporary layer
From the in vivo overexpression data, the interaction between Gogo and Fmi seems to specifically mediate M3 layer recognition of R8 photoreceptor axons. We previously found that Gogo overexpression induces a stronger affinity of R8 photoreceptor axons to the M1 layer 18 . How can this be explained? We hypothesized that there might be a different function of Gogo and Fmi when R8 photoreceptor axons interact with the temporary M1 layer. We tried to address this issue by changing the balance of Gogo and Fmi activity level in R8 photoreceptor axons. We first overexpressed gogo in fmi hypomorph R8 photoreceptor axons. If the Gogo overexpression phenotype (bloblike structure at M1) is also mediated by Fmi, the M1 blobs would be suppressed by the partial removal of fmi. We observed, however, the opposite effect: more R8s stopped at the M1 layer compared with the moderate gogo overexpression or the fmi hypomorphic mutant phenotypes (Fig. 8a-d) .
On the contrary, when the expression of fmi was mildly elevated (with GMR-fmi) in the Gogo overexpression situation, M1 blobs were strongly reduced (Fig. 8e-g ). This suggests that Gogo alone promotes a r t I C l e S adherence to the M1 layer, but when Gogo interacts with Fmi at the mid-pupal stage, Fmi inhibits the Gogo-M1 interaction and Gogo and Fmi act together to mediate R8 photoreceptor axon association with the M3 layer (Supplementary Fig. 13b ). Although the ligand on the M3 layer is likely to be Fmi, the presumptive ligand on the M1 layer is unknown. Thus, it seems that there exists a complicated regulation of the Gogo-Fmi interaction and that Gogo alone has a different function than when it is associated with Fmi.
DISCUSSION Interaction between Gogo and Fmi
Our results suggest that the transmembrane receptor Gogo physically interacts (directly or indirectly) with the atypical cadherin Fmi in cis to cooperatively guide R8 photoreceptor axons to their correct target. However, we were unable to demonstrate a robust direct interaction between Gogo and Fmi by co-immunoprecipitation, bimolecular fluorescent complementation (BiFC) 33 or proximity ligation assay 34 ( Supplementary Figs. 14 and 15 and Supplementary Note 1) . The failure in co-immunoprecipitation was probably a result of technical difficulties in solubilizing the seven-pass transmembrane Fmi and maintaining a huge complex during the procedure (Fmi is about 400 kDa). Nevertheless, a close interaction of these proteins is supported by three lines of evidence. First, ectopic expression of Gogo in wing epithelial cells was able to relocate Fmi in cis. Second, Fmi and Gogo colocalized at cell-cell contacts in cultured cells via their ectodomains. Finally, Gogo accumulation at the growth cone was strongly reduced in fmi mutant photoreceptor axons, suggesting that Fmi is at least partially required to localize and/or stabilize Gogo at the growth cone through a close association.
It has been suggested that Fmi binds homophilically in cis 27 . We also found that Gogo formed oligomers in cultured cells ( Supplementary  Fig. 8e ). These observations suggest that, even if Gogo and Fmi physically interact with each other, they may multimerize and form a protein cluster. Alternatively, Gogo-Gogo, Gogo-Fmi and Fmi-Fmi interactions may happen separately at distinct locations and have different functions.
Gogo and Fmi in neuronal development
Fmi controls the nervous system development broadly. It regulates axon guidance, but also synaptic target selection and dendritic field development 22, 23, 27, [35] [36] [37] . The phenotypic similarities and the genetic interactions of gogo and fmi in diverse aspects of neuronal development in Drosophila suggest that the collaboration of Gogo and Fmi is a general molecular mechanism.
Notably, however, in the dendrites of multi-dendritic neurons, it has been reported that the ectodomain deletion of Fmi (Fmi∆N) is able to partially rescue the fmi dorsal-overgrowth phenotype in dendrites, but the cytoplasmic deletion of Fmi (Fmi∆C) cannot 27 . On the contrary, a r t I C l e S Fmi∆N was not able to rescue the phenotype in R8 photoreceptor axons ( Supplementary  Fig. 16 ), but Fmi∆Intra could (Fig. 1j) . These observations indicate that the underlying molecular mechanisms may be different between axons and dendrites. It will be interesting to investigate the molecular mechanisms of Gogo in dendrite formation to decipher the general principles versus unique, diversified mechanisms mediated by the Gogo-Fmi interaction.
Mechanisms of axon targeting by the Gogo-Fmi interaction
What is the function of Gogo when interacting with Fmi? We can envision three scenarios that are not mutually exclusive. First, Fmi homophilic adhesion properties change when it is associated with Gogo. Second, Gogo mediates intracellular signaling to transduce axon pathfinding information in the growth cone. Third, Gogo adds a specificity code to the Fmi-Fmi homotypic asymmetric interaction. To test the first scenario, we used a cell aggregation assay mixing Fmi-expressing cells with cells co-expressing Gogo and Fmi. As the two populations of cells were equally distributed in the aggregates (Supplementary Fig. 8c,d) , Gogo seems to not have an effect on Fmi homophilic adhesion in S2 cells. The second scenario is supported by the fact that the Gogo cytoplasmic domain mediated the R7 photoreceptor co-overexpression phenotype and that the Fmi cytoplasmic domain was dispensable for R8 photoreceptor axon pathfinding. In addition, the interaction between Gogo and Fmi seems to add molecular specificity to R8 photoreceptor axons, allowing them to recognize the proper layer M3, suggesting the third scenario. Fmi seems to be the cue on the target layers, as elimination of Fmi from a population of brain cells, but not from photoreceptors, resulted in targeting defects in R8 photoreceptor axons. This suggests that Fmi-Fmi homotypic interactions take place between R8 photoreceptor axons and the target cells (Supplementary Fig. 13a ). However, the interaction seems to be asymmetric, as Gogo is not required in the brain for photoreceptor axon pathfinding 18 . Overall, we propose that Gogo alone promotes adherence between R8 photoreceptor axons and the M1 layer 18 (Supplementary Fig. 13b) , that, at mid-pupal stages, Fmi acts antagonistically with Gogo at the M1 layer and Gogo and Fmi collaborate to mediate R8 targeting to the M3 layer (Supplementary Fig. 13b) , and that Fmi on the target cells mediates homophilic interaction with Fmi on R8 photoreceptor axons at the M3 layer (Supplementary Fig. 13a ).
Fmi could be detected on R8 photoreceptor axons when R8 photoreceptor axons extend their tip to the M3 layer, if Fmi protein level was reduced from surrounding neuropils, consistent with the idea that Gogo and Fmi act together to guide the M3 targeting growth cones (Supplementary Fig. 17 ). The above model is supported by five lines of evidence. First, overexpression of both Fmi and Gogo retargeted R7 photoreceptor axons to the M3 layer (Fig. 3e,f) . Second, removing Fmi from presumptive target cells induced R8 photoreceptor axon stopping at the M1 layer (Fig. 7a) . Third, a combination of Gogo overexpression and fmi hypomorphic background induced more R8 photoreceptor axon stopping at M1 layer than was observed in each of these genotypes individually (Fig. 8c) . Fourth, the Gogo overexpression phenotype was suppressed by mild fmi overexpression (Fig. 8e) . Taking into account that gogo overexpression in a fmi hypomorph did not enhance the axon bundling that is typical in fmi mutant axons, it is unlikely that gogo overexpression merely has a dominant-negative effect on Fmi function. Fifth, in fmi mutants, R8 photoreceptors commonly stall at the M1 layer, whereas in gogo mutants 18 or in the double mutants, R8 photoreceptors had a tendency to stray at the M1 layer (Supplementary Fig. 7) . We think that this difference is a result of a reduced adhesion of R8 photoreceptors to M1 layer in gogo mutants, which is not impaired in fmi mutants.
The cell identity of the M3 layer that is recognized by Gogo and Fmi in R8 photoreceptor axons is not clear. We knocked out fmi almost completely from the lamina neurons. Although the R8 photoreceptor axon stopping phenotype was not completely penetrant, we observed substantial R8 photoreceptor axon stopping at the M1 layer, indicating that the lamina neurons might be the target cells in which Fmi functions as a ligand. Lamina neurons innervate into medulla layers during early pupal stages. Their processes take over R8 photoreceptor axons when R8 photoreceptor axons rest at the temporary layer, and they arborize between developing R7 and R8 photoreceptor termini 26, 38 . Notably, L3 lamina neurons spread their terminal processes at the M3 layer 39 (see also Fig. 7x) . The functional importance of L3 neurons in this context should be addressed in the future. In any case, it seems that mutual interactions between lamina neuron processes and photoreceptor axons account for the two-step targeting mechanism of R8 photoreceptor axons 26, 38 . 
